Hakim CH, Duan D. Truncated dystrophins reduce muscle stiffness in the extensor digitorum longus muscle of mdx mice.
MUSCLE WEAKNESS AND STIFFNESS are major clinical symptoms in Duchenne muscular dystrophy (DMD) (6, 7, 12) . DMD is one of the most common lethal inherited muscle-wasting diseases in boys (31) . It affects one in every 3,500 male births (13) . Patients show difficulties in walking and climbing at the age of 2 to 5 yr old. By the age of 12, patients are confined to wheelchairs. Patients die in their early 20s due to respiratory and/or cardiac failure. Presently, there is no cure for DMD.
DMD is caused by the lack of the dystrophin protein (23) . Dystrophin is a subsarcolemma cytoskeletal protein with four domains, including the NH 2 -terminal, rod, cysteine-rich (CR), and COOH-terminal domains (2) . The rod domain comprises 24 spectrin-like repeats and four hinges. The NH 2 -terminal domain and a part of the rod domain bind to F-actin cytoskeleton protein, and the CR domain binds to dystroglycan transmembrane protein that connects to the extracellular matrix (2) . Dystrophin is thought to stabilize the sarcolemma against mechanical stress imposed by muscle contraction (16, 30, 33) . In the absence of dystrophin, muscle contraction induces cell membrane damage (35) . Eventually, injured myofibers undergo necrosis and are replaced by adipose and fibrotic tissues (9, 26, 34) .
Muscle weakness in DMD has been well studied by measuring muscle force generated during active contraction. However, muscle stiffness has not been clearly defined until recently (6, 7) . We recently examined the passive properties (elasticity and viscosity) of the extensor digitorum longus (EDL) muscle in the mdx mouse, a widely used DMD mouse model (20) . Compared with wild-type EDL muscle, the mdx EDL muscle developed more resistant force (passive stress) against stretch (strain). Furthermore, the stress relaxation rate was significantly increased.
Restoration of dystrophin expression with gene replacement may effectively treat DMD. Despite a promising modality, DMD gene therapy has been challenged by the massive size of the dystrophin gene. The full-length dystrophin cDNA far exceeds the packaging capacity of adeno-associated virus (AAV), the only vector that can lead to whole body muscle transduction (10) . Several different strategies have been employed to overcome this size hurdle. Among these, a very appealing approach is the development of the truncated dystrophin genes. The intention is to generate smaller synthetic genes that can still protect muscle. This possibility has been suggested by studying Becker muscular dystrophy (BMD), a mild variant of DMD. Some patients with BMD carry large in-frame rod-domain truncations, yet they show very mild muscular dystrophy (14) . Two types of truncated dystrophin genes have been pursued. The micro-genes are less than 4 kb and can fit into a single AAV vector. The mini-genes are less than 8 kb and they can be delivered by dual AAV vectors (11) . The ⌬R2-15/⌬R18-23/⌬C micro-gene, ⌬R4-23/⌬C microgene, and ⌬H2-R15 mini-gene are some of the representative candidates ( Fig. 1) (22, 28, 29) .
Studies from many laboratories, including ours, have provided ample evidence that, despite a significant truncation of the gene size and differences in the composition, muscle contractility is significantly enhanced by these truncated mini-and micro-genes in young adult mdx mice (22, 28, 29) . However, it has been rarely evaluated whether these truncated genes can improve musclespecific force in aged mdx mice (18) . In addition, the kinetics of the contractile properties has never been studied. More importantly, it is not known whether the shorting of the dystrophin protein impacts the muscle passive property. Here, we hypothesized that 1) truncated mini-and micro-dystrophin genes can increase muscle force in aged mdx mice, 2) shortened dystrophins can restore kinetics of tetanic contraction, 3) truncated dystrophin genes can improve the elastic and viscous properties of the mdx muscle, and 4) the size and composition of a truncated dystrophin gene may influence its protection on the active and passive properties of the mdx muscle.
To test these hypotheses, we measured the active and the passive properties of the EDL muscle in transgenic mdx mice expressing either one of the two micro-genes (⌬R2-15/⌬R18-23/⌬C, or ⌬R4-23/⌬C) or the mini-gene (⌬H2-R15). The specific tetanic force was restored to the wild-type level in all transgenic mdx mice at 6 and 20 mo of age. In support of our hypothesis, the elastic and viscous properties were also completely restored to those of the wild-type at 6 and 20 mo of age in every transgenic mdx strain we examined. Our data suggest that the truncated dystrophin genes not only restored active muscle contraction, but they also effectively corrected muscle stiffness.
MATERIALS AND METHODS

Experimental mice.
All animal experiments were approved by the Animal Care and Use Committee of the University of Missouri (no. 6980) and were in accordance with NIH guidelines. BL10 (wild-type) and mdx mice were purchased from The Jackson Laboratory (Bar Harbor, ME). Skeletal muscle-specific transgenic mdx mice were generated at the University of Missouri Transgenic Animal Core. Detailed information on these mice has been published before (25, 28) . Specifically, we have used three independent strains that expressed the ⌬R2-15/⌬R18-23/⌬C micro-gene, ⌬R4-23/⌬C microgene, and ⌬H2-R15 mini-gene under transcriptional regulation of the muscle-specific human ␣-skeletal actin promoter (Fig. 1) . Beside the gene size, there are several other important structural features in these minimized genes (Fig. 1) . First, the ⌬H2-R15 mini-gene contains the COOH-terminal domain, but the two micro-genes do not. Interestingly, a previous study suggests that the COOH-terminal domain is dispensable for muscle force production (8) . Second, the ⌬H2-R15 mini-gene and the ⌬R2-15/⌬R18-23/⌬C micro-gene contain the R16/17 neuronal nitric oxide synthase (nNOS)-recruiting domain, but the ⌬R4-23/⌬C micro-gene does not (25) . Third, the ⌬H2-R15 minigene and the ⌬R4-23/⌬C micro-gene contain three hinges in the rod domain, but the ⌬R2-15/⌬R18-23/⌬C micro-gene only carries two hinges. Finally, hinge 2 has been recently shown to compromise function of the truncated dystrophin genes (1). Hinge 2 is included in the ⌬R4-23/⌬C micro-gene but not in the other two synthetic genes. Experimental transgenic mice were backcrossed with mdx mice for at least six generations. All experimental mice were housed in a specific pathogen-free facility. Only male mice were used in the study. The sample size for muscle physiology assay is provided in Table 1 or indicated in the figure legends.
Histology and immunostaining. Morphological examinations were performed on the intact EDL muscle that was not subjected to muscle physiology assay. Hematoxylin and eosin (HE) staining was used to study general histopathology. Central nucleation and the myofiber size were determined from five random microscopic fields of an HEstained muscle section. The myofiber size was determined using the Feret's minimum diameter method. Fibrosis was examined by Masson trichrome staining and the hydroxyproline assay (see below for detail) (3, 27) . Macrophage (rat anti-mouse F4/80; 1:200; Catalag Laboratories, Burlingame, CA) and neutrophil (rat anti-mouse Ly6-G; 1:800; BD Pharmingen, San Diego, CA) infiltration were determined by immunohistochemical staining using the Vectastain ABC kit (Vector Laboratories, Burlingame, CA). Immunostaining for dystrophin was performed using two different monoclonal antibodies including a human dystrophin NH2 terminus-specific antibody (Dys-3, 1:20; Vector Laboratories) and a dystrophin COOH terminus-specific antibody (Dys-2, 1:20; Vector Laboratories).
EDL muscle preparation. Experimental mice were anesthetized via intraperitoneal injection of a cocktail containing 25 mg/ml ketamine, 2.5 mg/ml xylazine, and 0.5 mg/ml acepromazine at 2.5 l/g body wt.
The EDL muscle was gently dissected and mounted to an intact muscle test system (Aurora Scientific, Aurora, ON, Canada) as previously described (20, 21) . Briefly, the EDL muscle was exposed. The proximal and distal EDL tendons were tied at the muscle tendon junction. The proximal end of the EDL muscle was secured to a dual-mode servomotor transducer, and the distal end was attached to a fixed post using a 4 -0 suture (SofSilk USSC Sutures, Norwalk, CT). Subsequently, the EDL muscle was submerged in a 30°C jacketed organ bath containing oxygenated (95% O2-5% CO2) Ringer's buffer. Evaluation of active muscle contraction. After 10-min equilibration, the optimal length (Lo) of the EDL muscle was determined by the isometric twitch method. Briefly, twitch stimulation was applied while the muscle was strained at different lengths. The length that yielded the highest twitch force is defined as the Lo, and this length was measured with an electronic digital caliper (F0.01 mm; Control Company, Friendswood, TX). The maximum isometric tetanic force (Po) was measured at 150 Hz. Time to peak tension (TPT) and half-relaxation time (1/2 RT) were determined from the maximum isometric tetanic contraction (19) . Data were recorded and analyzed using the Lab View-based DMC and DMA programs (Version 3.12, Aurora Scientific).
Full-length dystrophin
Evaluation of the passive properties. The elastic property of the EDL muscle was determined at Lo. The EDL muscle was passively strained from 100% Lo to 160% Lo using a six-step passive stretch protocol in the absence of electrical stimulation (20) . At each step, the EDL muscle was stretched in an increment of 10% Lo at a rate of 2 cm/s. The stress-strain response was graphed. The viscous property was determined by measuring the stress-relaxation rate (SRR) while the muscle was stretched and held for 1.5 s (until passive stress reached plateau) at 110% Lo (20) . The SRR was calculated using the equation (Stress 1 Ϫ Stress2)/(Time2 Ϫ Time1). Specifically, the SRR was determined from the following time frames: the peak to 0.1 s postpeak, 0.1 to 0.2 s postpeak, 0.2 to 0.5 s postpeak, 0.5 to 1 s postpeak, and 1 to 1.5 s postpeak. The SRR values from all five time frames were plotted in a single bar graph. Data were recorded and analyzed using Lab View-based software (Aurora Scientific). At the end of each experiment, the tendon was removed, and the EDL muscle weight was determined. The muscle cross-sectional area (CSA) was calculated as described before (4, 20) .
Quantification of the hydroxyproline content. The hydroxyproline content was determined as previously described (20) . Briefly, the proximal and distal tendons were removed from the EDL muscle. The muscle was then lyophilized overnight, and the dry weight was measured. The sample was hydrolyzed in 1 ml 6 N HCl for 3 h at 115°C. After neutralization with 10 N NaOH (to the final pH of ϳ7.5), the muscle lysate was oxidized with chlormatine-T. The hydroxyproline content was quantified by measuring the color absorbance at 558 nm. The hydroxyproline concentration was determined from a standard curve calculated from a linear dilution of L-hydroxyproline (trans-4-Hydroxy-L-proline, cat. no. 56250; Sigma-Aldrich, Saint Louis, MO).
Statistical analysis. Data are presented as means Ϯ SE. Statistical analysis was performed using the SPSS software (IBM, Armonk, NY). Statistical significance among multiple groups was determined by one-way ANOVA followed by Bonferroni post hoc analysis. Difference was considered significant when P Ͻ 0.05.
RESULTS
Body weight and anatomic properties of the EDL muscle.
We examined male transgenic mdx mice expressing either one of the two micro-genes (⌬R2-15/⌬R18-23/⌬C or ⌬R4-23/⌬C) or the mini-gene (⌬H2-R15) at the ages of 6 (young) and 20 (old) mo (Fig. 1) . No significant difference in the body weight was noticed at 6 mo among all groups (Table 1) . Interestingly, at 20 mo of age, the body weight was normalized in the ⌬R4-23/⌬C transgenic mice but not in other two transgenic strains ( Table 1) . As we previously reported, EDL muscle weight and CSA were significantly increased in mdx compared with that of BL10 mice in both ages (Table 1) (20) . Importantly, the anatomic parameters of the mdx EDL muscle were completely restored to those of the BL10 EDL muscle in all transgenic mdx mice at both time points (Table 1) .
EDL muscle histology. Dystrophin immunostaining showed the expected pattern (Fig. 2, A and B) . The mdx EDL muscle was clearly dystrophic at both ages. It showed great variations in the fiber size, significantly elevated numbers of centrally nucleated myofibers, fibrosis, and inflammation (Figs. 2 and 3 ). All three strains of transgenic mdx mice showed HE staining similar to that of BL10 at both ages (Fig. 2, A and B) . They displayed uniform myofiber size, minimal central nucleation, and similar distribution of myofiber size to those of BL10 (Figs. 2 and 3 ). There was also nominal fibrosis and inflammatory cell infiltration in transgenic mouse muscle (Fig. 2, A and B) .
Characterization of the isometric tetanic force of the EDL muscle. The specific isometric tetanic force was restored to the control level in young adult transgenic mdx mice as we reported before (Fig. 5A) (22, 25, 28) . To determine whether the truncated dystrophin genes can result in long-term muscle force preservation, we measured tetanic force at 20 mo of age (Fig. 5B) . Despite the differences in transgene configuration in three different transgenic strains (Fig. 1) , the specific isometric tetanic force was fully restored in every transgenic strain in aged mice (Fig. 5B) .
To further investigate the kinetics properties of the isometric tetanic force, we examined the TPT and the 1/2 RT (Fig. 5) . Consistent with our previous study (19) , the mdx EDL muscle reached the peak tension significantly faster than BL10. However, it took longer time for mdx muscle to relax (Fig. 5) . In 6-mo-old transgenic mdx mice, both TPT and 1/2 RT showed a trend of normalization although not statistically significant (Fig. 5A ). Some differences were noticed in 20-mo-old transgenic mdx mice (Fig. 5B) . The ⌬R2-15/⌬R18-23/⌬C transgenic line showed a TPT significantly slower, whereas 1/2 RT was significantly faster than those of mdx and other two transgenic lines (Fig. 5B) . Surprisingly, the ⌬H2-R15 strain of transgenic mice showed a quite unique pattern. The TPT and 1/2 RT were not improved in this strain at 20 mo of age (Fig. 5B) .
Characterization of the EDL muscle passive properties. The stress-strain profile was examined. Similar to our previous reports (19, 20) , mdx muscles exhibited increase in stiffness at both ages. The resistant force developed at the peak stress (130% Lo strain) was significantly higher than that of BL10. Furthermore, the resistant force developed after peak stress decreased rapidly in mdx, indicating muscle failure (Fig. 6A) (20) . The increased muscle stiffness in the mdx muscle was brought to the wild-type level in all three transgenic strains (Fig. 6A) .
The viscous property of the mdx muscle was significantly altered compared with that of BL10 (19, 20) . In particular, the mdx muscle had a significantly higher SRR (Fig. 6B) . The SRR was corrected in every transgenic strain (Fig. 6B) .
Fibrosis quantification with the hydroxyproline assay. We have previously shown that the amount of fibrosis positively correlated with the level of muscle stiffness (20) . To further understand the mechanism(s) of the improved passive properties in transgenic mice, we quantified the hydroxyproline content. Consistent with the morphological data (Fig. 2) , the hydroxyproline content appeared lower in transgenic mdx mice compared with that of mdx mice at 6 mo of age (Fig. 4) . However, to our surprise, multigroup analysis did not reveal significant improvement over mdx in 6-mo-old transgenic mdx mice (Fig. 4) . The fibrosis content was significantly lower than that of age-matched mdx mice in 20-mo-old transgenic mdx mice (Fig. 4) . Nevertheless, it was still significantly higher than that of age-matched BL10 mice (Fig. 4) .
DISCUSSION
In this study, we tested hypotheses that shortened dystrophins can increase muscle-specific force in aged mdx mice, improve the kinetics of the contractile force, and restore the passive properties of dystrophin-deficient muscle in a transgenedependent manner. Specifically, we compared active force and passive mechanic properties of the EDL muscle in 6-and 20-mo-old BL10, mdx, and three strains of mini/microdystrophin transgenic mdx mice that each expressed one of the Representative hematoxylin and eosin (HE), Masson trichrome (MTC), macrophage, and neutrophil staining as well as dystrophin immunofluorescence photomicrographs are shown for each strain. For dystrophin immunostaining, 2 antibodies were used including a human dystrophin NH2 terminus-specific antibody (N-dys) and a pan-species dystrophin COOH terminus-specific antibody (C-dys). Arrow, macrophage; arrowhead, neutrophil; asterisks, to mark the same myofiber in serial. Scale bar ϭ 100 m for all images.
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Truncated Dystrophins Treat mdx Muscle Stiffness • Hakim CH et al. three truncated dystrophin genes including the ⌬R2-15/⌬R18-23/⌬C micro-gene, ⌬R4-23/⌬C micro-gene, and ⌬H2-R15 mini-gene (Fig. 1) . To correlate physiology study results, we have also examined the anatomical and histological properties of the EDL muscle in these mouse strains at the 6-and 20-mo ages (Fig. 2 , Table 1 ). We first measured the force generated under tetanic contraction. Previous studies suggest that transgenic overexpression of any one of above three mini-/micro-dystrophin genes can correct force deficit in young adult mdx mice (25, 29) . Consistent with the published results, we also found that specific tetanic force was completely restored to that of the wild-type level in all three strains of transgenic mdx mice at 6 mo of age (Fig. 5A) . Because young adult mdx mice do not show characteristic signs of muscular dystrophy and only aged mdx mice display clinical disease similar to that of human patients (10), we examined muscle force in aged mice (Fig. 5B) . Encouragingly, all transgenic mdx mice showed muscle force similar to that of BL10 mice at 20 mo of age (Fig. 5B) . These results confirm our initial hypothesis and suggest that the truncated synthetic dystrophin genes may lead to long-term preservation of muscle contractility.
TPT and 1/2 RT were compromised in the mdx EDL muscle (Fig. 5) (19) . We have initially hypothesized that truncated dystrophins can correct these kinetic parameters. Surprisingly, this hypothesis was disapproved by our experimental results (Fig. 5) . TPT and 1/2 RT showed a trend of improvement but were not completely restored to the control level in 6-mo-old transgenic mdx mice (Fig. 5A) . Furthermore, 20-mo-old transgenic mdx mice showed a variety of different patterns from no correction (such as the ⌬H2-R15 strain) to the normal level (such as the ⌬R2-15/⌬R18-23/⌬C strain) (Fig. 5B) . Muscle contraction and relaxation is essentially directed by the release of calcium from the sarcoplasmic reticulum and active uptake of calcium back to the sarcoplasmic reticulum, respectively. Intracellular calcium concentration thus plays a pivotal role in determining the kinetic profile of muscle contraction. Shortened TPT and elongated 1/2 RT are consistent with chronic calcium overload in mdx muscle (reviewed in Refs. 15 and 24) . We speculate that the lack of full correction of TPT and 1/2 RT may suggest that overexpression of truncated dystrophins may have not fully restored calcium homeostasis in transgenic mdx muscle. Future study on the sarcoplasmic reticulum calcium uptake ATP-dependent pump and the myosin ATPase activity may help to uncover the mechanisms underlying our observations (36) .
The main question we intended to address in this study is whether the truncated dystrophin genes can correct muscle stiffness. To this end, we have proposed two hypotheses at the beginning of our study. On one hand, we hypothesized that truncated dystrophin proteins can improve the passive properties of the mdx muscle. On the other hand, we hypothesized that the difference in the size and composition of the truncated dystrophin protein may lead to different levels of recovery. To test these two hypotheses, we examined the elastic and viscous properties of the EDL muscle. We chose the EDL muscle as the target muscle because we have previously shown that mdx EDL muscle is stiffer than that of BL10 (19, 20) . Our results demonstrated that transgenic mice had the same stress-strain curve as that of BL10 mice at either 6-or 20-mo time points. Furthermore, the SRR was also significantly improved in all transgenic lines (Fig. 6B) . Based on these results, we concluded that truncated dystrophins were fully capable of rectifying abnormal elastic and viscous properties of the mdx muscle. In addition, the length and the composition (such as the presence or absence of the COOH-terminal domain, nNOS binding domain, and hinge 2 and the number of hinges in the rod domain) of the shortened dystrophin gene did not significantly affect the restoration of the passive properties in mdx skeletal muscle.
We have previously noted that muscle stiffness correlated with fibrosis (20) . For this reason, we also quantified the hydroxyproline content. Despite the remarkable improvement of the elastic and viscous properties in transgenic mice at both 6-and 20-mo time points (Fig. 6) , the hydroxyproline content in transgenic mdx mice was not restored to the level of BL10 mice (Fig. 4, A and B) . Nevertheless, expression of the trun- 5 . Assessment of maximum isometric tetanic force properties of the EDL muscle. The absolute isometric tetanic force, specific isometric tetanic force, time to maximum force, and half relaxation time of the EDL muscle were compared between BL10, mdx, and all 3 transgenic mdx mice at 6 (A) and 20 (B) mo of age. Time to peak tension and half relaxation time are determined from maximal tetanic stimulation. *mdx mice are significantly different from age-matched BL10 mice. †mdx mice are significantly different from all other age-matched mice strains. ‡⌬R2-15/⌬R18-23/⌬C transgenic mice are significantly different from age-matched mdx, ⌬R4-23/⌬C, and ⌬H2-R15 transgenic mdx mice. #⌬H2-R15 transgenic mdx mice are significantly different from age-matched BL10 mice. cated dystrophin genes has significantly prevented muscle fibrosis at the age of 20 mo (Fig. 4B) . Our results suggest that the total amount of the hydroxyproline content cannot fully explain muscle stiffness seen in DMD murine model. Other factors (such as the type of the collagen and the pattern of the cross-linking) should also be considered (5, 17, 32, 37) . Future studies may help clarify this issue.
Collectively, our results here suggest that truncated dystrophin genes used in this study have greatly reduced histological lesions and resulted in long-term restoration of muscle-specific force in both young adult and very old mdx mice (Figs. 2-5 ). More importantly, these therapeutic candidate genes have effectively recovered the passive properties of the mdx EDL muscle in a transgene-independent manner. Our results provide strong support to further develop the mini-and micro-dystrophin genes for DMD gene therapy. Nevertheless, it should be emphasized that the results described in this study were from transgenic mice. Further studies using AAV-gene mediated therapy is warranted to truly test therapeutic effect in a more clinical relevant context.
